Abstract. Host genomic alterations in addition to human papillomavirus (HPV) are needed for cervical precursor lesions to progress to invasive cancer because only a small percentage of women infected by the virus develop disease. However, the genomic alterations during the progression of cervical lesions have not been systematically examined. The aim of this study was to identify differential genomic alterations among cervical intraepithelial neoplasia CIN1, CIN2, CIN3 and cervical squamous cell carcinoma (SCC). Genomic alterations were examined for 15 cases each of CIN1, CIN2, CIN3 and SCC by array-based comparative genomic hybridization (array CGH). The chromosomal regions showing significant differential in DNA copy number aberrations (DCNAs) among CIN1, CIN2, CIN3 and SCC were successfully identified by resampling-based t-test. The chromosomal regions of 5q35.3 and 2q14.3 showed significant DCNAs between CIN1 and CIN2, and between CIN2 and CIN3, respectively, while a significant difference in DCNAs between CIN3 and SCC was observed at 1q24.3, 3p14.1, 3p14.2, 5q13.2, 7p15.3, 7q22.1 and 13q32.3. In addition, the status of DCNAs in 1q43, 2p11.2, 6p11.2, 7p21.1, 7p14.3, 10q24.1, 13q22.3, 13q34 and 16p13.3 was conserved throughout the progression of CIN to SCC. The presence of differential and common DCNAs among CIN1, CIN2, CIN3 and SCC supports that the CIN progression may include continual clonal selection and evolution. This approach also identified 34 probe sets consistently overexpressed when amplified, suggesting an unbiased identification of candidate genes in SCC during cervical cancer progression.
Introduction
Cervical cancer is the second most common malignancy in women worldwide. Approximately 80% of these tumors are squamous cell carcinomas (SCCs) and 5-20% are adenocarcinomas (AdCAs) (1, 2) . Cervical SCCs are often preceded by a premalignant disease known as cervical intraepithelial neoplasia (CIN) which is graded 1-3 with increasing atypia. Infection with high-risk subtypes of human papillomavirus (HPV), namely HPV-16 and HPV-18, is the major etiological factor and is the primary initiator of premalignant lesions (3) . The viral oncoproteins E6 and E7 play an important role in the process of CIN, inhibiting a variety of cellular targets, including the tumor suppressor protein p53 and retinoblastoma (Rb), which disrupts key cellular processes such as apoptosis and cell cycle control processes and leads to genomic instability and neoplastic development. However, only a small fraction of women infected with oncogenic HPV subtypes develop cervical cancer, which indicates that HPV infection alone is not sufficient to cause disease and that there are other host factors associated with the development of invasive cervical cancer (4) .
The process of increased genomic instability in addition to HPV infection has been proposed to contribute to the need for precursor lesions to progress to invasive cancer (4, 5) . Progression from CIN1 to CIN3 and SCC is admitted and is consistent with the concept of lesional continuum (6, 7) . However, because of the elevated rate of spontaneous regression of CIN1, it is probably a lesion of very low potential aggressivity and its role as a precursor is uncertain (8) . Recently, It has been shown that genomic profiling of p16
INK4a immunopositive CIN2/3 lesions can distinguish histologically similar high-grade CIN lesions into potentially early and more advanced lesions (9) . This indicates that the progression of CIN might be reflected in its chromosomal profile. In addition, the involvement of clonal selection and expansion process during the progression of CIN was also suggested (10) .
However, the chromosomal aberrations which might affect the progression of cervical lesion to SCC have not been systematically examined. The differential and common chromosomal aberrations among CIN1, CIN2, CIN3 and SCC might be important clues for understanding of the progression of cervical lesions. In this study, we applied array-based comparative genomic hybridization (array CGH) to specimens of 60 patients to identify differential and common chromosomal aberrations among CIN1, CIN2, CIN3 and cervical squamous cell carcinoma (SCC). Using an open database, our study showed driver genes to genetic alterations that provide tumor cells with a growth advantage during carcinogenesis or tumor progression.
Materials and methods
Tissue specimens. Sixty cervical tissue samples including 15 cases each of CIN1, CIN2, CIN3 and SCC were obtained from the Department of Obstetrics and Gynecology, Seoul St. Mary's Hospital, The Catholic University of Korea. This study followed the guidelines of the Institutional Review Board of The Catholic University of Korea and written informed consent was obtained from all patients included.
Microdissection, extraction of nucleic acids and HPV DNA testing. Paraffin-embedded tissues were first sectioned in 10 µm slices, which were hematoxylin-eosin stained for selection of the appropriated tissue area. The corresponding selected areas of each tissue sample were then collected under microscopic observation with a 30-gauge needle (Becton-Dickinson, Franklin Lakes, NJ). Genomic DNA of microdissected tissue was extracted by proteinase K digestion followed by standard phenolchloroform extraction (11) . HPV DNA test was performed with the hybrid capture II (HCII) assay system according to the manufacturer's instructions (Digene Diagnostics Inc., Gaithersburg, MD). Briefly, the isolated DNA from the above microdissected sample were denatured at 65˚C for 45 min and hybridized under high stringency conditions with a mixture of RNA probes that detect 13 different high-risk HPV types: 16, 18, 31, 33, 35, 39, 45 , 51, 52, 56, 58, 59 and 68. The resultant DNA-RNA hybrids were captured on the surface of the microtiter plate wells coated with anti-DNA-RNA hybrid antibody. The immobilized hybrids were then reacted with an alkaline phosphatase-conjugated antihybrid monoclonal antibody. Light intensity was measured with a luminometer. A positive cutoff value was set at 1 pg HPV DNA per mm in each specimen.
Array CGH. The array CGH experiments were performed with a MacArray™ Karyo 1440 (Macrogen, Seoul, Korea) according to the manufacturer's instructions (http://www. macrogen.co.kr/eng/biochip/karyo_summary.jsp) where the BAC chip information together with chromosomal location of each clone was also provided. The array consisted of 1,440 human BAC clones spotted in triplicate, including 356 cancerrelated genes at an average interval of 2.3 Mb. Sample DNA and 9948 male reference DNA (Promega Corp., Madison, WI) (500 ng each) were labeled by the random priming method with fluorescence dyes, Cy3 and Cy5, respectively. The use of a male reference DNA enabled the determination of whether the hybridization had succeeded based on the expected gain of chromosome X and loss of chromosome Y in the female test samples. The labeled DNAs were mixed with Cot-1 DNA (50 µg; Gibco BRL, Gaithersburg, MD) and then hybridized to the array slides for 2 days at 37˚C in a moist chamber. The array slides were rinsed in a washing buffer and dried well. The array slides were scanned using a GenePix 4000A scanner (Axon Instruments, Union City, CA). Spots were quantified using the MAC View™ software program (Macrogen) with the flagging of poor quality spots.
Array CGH data analysis. After exclusion of clones with one or more flagged spots, the average of the triplicate spots was calculated for each BAC clone. Log 2 Cy3/Cy5 ratios were normalized using the locally weighted regression known as lowess smoothing for each array followed by scale normalization between arrays with R package limma (www.r-project. org). Selection of abnormal clones used the averaged log 2 ratio for each type of cervical lesion. Chromosomal aberrations were classified as a gain when the normalized log 2 ratio was ≥0.2 and as a loss when the ratio was ≤-0.2. This number was determined as a 3-fold difference of the average standard deviation of normal versus normal array CGH hybridization. In addition, the log 2 ratio >0.6 was defined as amplification. After selection of clones with aberrations, resampling-based t-test and multiple testing with R package multi-test (www.r-project.org) were performed to identify BAC clones showing significantly differential DNA copy number aberration (DCNA) between and among CIN1, CIN2, CIN3 and SCC, respectively. The adjusted P-values based on permutation method (1000 permutations) <0.05 were considered statistically significant (12) .
Validation of DCNA. Polymerase chain reaction (PCR) was carried out to test the reliability of chromosomal aberrations estimated by the array CGH experiments (13) . PCR was conducted against pooled genomic DNA of 15 cases each of CIN1, CIN2, CIN3 and SCC rather than individual case because the average log 2 ratio for each cervical lesion was used for the discrimination of DCNA. Two genes were selected including MTR and HDAC9, which show the same state of DCNA at CIN1, CIN2, CIN3 and SCC. PCR was performed in a reaction tube containing a PCR mixture composed of 1 ng sample DNA, 20 µM deoxynucleotide triphosphate (a mixture of dATP, dCTP, dGTP and dTTP), 2 µl 10X PCR buffer (50 mM KCl, 4 mM MgCl 2 , 10 mM Tris-HCl, pH 8.3), 20 pM of each primer, and 2.5U Taq polymerase (Takara, Shiga, Japan). The 9947A female reference DNA was obtained from Promega and β-globin was used as internal control Cervical squamous cell carcinoma datasets in public database.
To validate the data generated by array CGH, we directly accessed another independent public cervical cancer gene expression datasets (GEO accession no. GSE7803) (14) . In total, 38 microdissected squamous epithelial samples from 10 normal cervices, 7 high-grade squamous intra-epithelial lesions (HSIL) and 21 SCCs were profiled for differential gene expression discovery.
Results

Chromosomal aberrations in CIN1, CIN2, CIN3 and SCC.
The mean age and HPV status of patients are shown in Table I . Ninety-three percent of patients showed infection with high-risk HPV types and the mean ages of women were 40.4, 37.3, 42.7 and 53.0, respectively. We have microdissected 60 samples under a microscope to obtain DNA samples (Fig. 1a) . To determine BAC clones with DCNA, the log 2 ratios of 15 samples for each case were averaged (Fig. 1b) . The sex chromosome and BAC clones with >2 missing values in each type were excluded from the analysis. A total of 276 BAC clones showed at least a DCNA among CIN1, CIN2, CIN3 and SCC and the number of BAC clones with DCNA increased with the progression of CIN. Approximately half of the BAC clones with DCNA were also retained at the next grade of cervical lesion. This indicates that the clonal evolution and selection process might be involved in progression of CIN. Distribution of chromosomal aberration at each type of cervical lesion and SCC is shown in Fig. 2 . The number of chromosomes having >5 BAC clones with DCNA was markedly increased in SCC, which indicates that severe chromosomal instability might be required during transition from CIN3 to SCC. The BAC clones showing the same status of DCNA at CIN1, CIN2, CIN3 and SCC were shown in Table II . These BAC clones included genes such as 5-methyltetrahydrofolate-homocysteine methyltransferase (MTR; loss), histone deacetylase (HDAC9; gain), calcium/calmodulin-dependent 3',5'-cyclic nucleotide phosphodiesterase (PDE1C; loss), component of the exosome 3'→5' exoribonuclease complex (EXOSC1; gain), zinc finger DHHC domain-containing protein 16 (ZDHHC16; gain), G protein-coupled receptor (EDNRB; loss), ethanolamine phosphate transferase (PIGO; gain), and Ras-related protein (RAB40C; gain). The DCNAs of these nine BAC clones might have important role in the progress of cervical lesions because they were maintained throughout CIN progression to SCC.
Identification of BAC clones with significant differential in DCNA among CIN1, CIN2, CIN3 and SCC. The resamplingbased t-test and multiple testing were performed to detect BAC clones with significantly differential DCNA between and among CIN1, CIN2, CIN3 and SCC, respectively. The chromosomal regions of 5q35.3 and 2q14.3 showed significantly differential DCNA between CIN1 and CIN2, and between CIN2 and CIN3, respectively (Fig. 3a) . The chromosomal region of 5q35.3 included poly(A) nuclease (CNOT6), potential growth inhibitory Table II . BAC clones with the same status of DCNA for CIN1, CIN2, CIN3 and SCC. cytokine (SCGB3A1), and tyrosine kinase receptor for vascular endothelial growth factors C and D (FLT4). The loss of heparan sulfate biosynthetic enzyme (HS6ST1) located at 2q14.3 during the progression of CIN2 to CIN3 might lead to failure of heparan sulfate synthesis. In the case of progression of CIN3 to SCC, seven BAC clones showed significantly different DCNA. Both PDAP1 and RAD17 showed DCNA only at SCC. This suggests that the gain of PDAP1 and loss of RAD17 might be potential markers distinguishing SCC from CINs. The multiple testing among CIN1, CIN2, CIN3 and SCC identified 57 BAC clones showing significant DCNA (Table III) . Among them, 45 BAC clones showed DCNA only at SCC (Fig. 3b) . This indicates that the marked increase of DCNA might be required for progression from CIN3 to SCC. The gains of 1p36.33-1p36.32 including SKI (v-ski sarcoma viral oncogene homolog), 5q35.3 including FLT4 and 8q24.3 including ZC3HDC3 (zinc finger CCCH domain-containing protein 3) were maintained from CIN2 to SCC while the loss of 2q12.1 including SLC9A2 (sodium/hydrogen exchanger) was kept from CIN2 to SCC. These conserved DCNAs from CIN2 to SCC might play an important role in the progression of cervical lesions like the BAC clones in Table II . To verify the chromosomal aberrations estimated by array-CGH experiment, PCR was conducted against pooled genomic DNA of 15 cases each of CIN1, CIN2, CIN3 and SCC. The targets of PCR were two genes, the MTR and HDAC9, which showed the same state of DCNA at CIN1, CIN2, CIN3 and SCC (Table II) . The PCR amplicons of MTR and HDAC9 generated from test samples presented a clear contrast with those generated from normal samples, while there were no significant differences in the amplicons of β-globin between test and normal samples (Fig. 3c) . This result showed a good agreement with DCNAs evaluated by array-CGH experiments.
Clustering of array-CGH data including CIN1, CIN2, CIN3
and SCC. To test the differentiability of chromosomal profile during CIN progression, hierarchical clustering was carried out for the 57 BAC clones which showed significantly differential in DCNA among CIN1, CIN2, CIN3 and SCC (Table III) . The clustering was done on both samples and BAC clones (Fig. 4a) . Group 1 included 3% CIN1, 19% CIN2, 22% CIN3 and 56% SCC, while group 2 was composed of 43% CIN1, 30% CIN2 and 27% CIN3. This suggests that CIN1 could be efficiently distinguished from SCC, while classification between CIN2 and Table III . Fifty-seven BAC clones with significantly different DCNA among CIN1, CIN2, CIN3 and SCC. CIN3 might be difficult. The CIN2/3s in group 1 including all cases of SCC might have a high potential to progress to SCC, while the CIN2/3s of group 2 including 93% of CIN1s might have a high potential to regress or persist. Groups 1 and 2 seemed to have contrast pattern between cluster 1 and 2. This was more apparently observed when the average log 2 ratios were plotted against each type of cervical lesion (Fig. 4b) . The BAC clones which belong to cluster 1 and 2 showed contrast pattern in terms of the average log 2 ratio. CIN2 and CIN3 appeared to be a kind of intermediate state, where only minor change was evident, with a few exceptions. This indicates that severe chromosomal aberrations might not occur during the progression of CIN2 to CIN3. To validate the genes located in a region of genomic copy gain/loss in SCC, we directly accessed another independent public cervical cancer gene expression datasets (GEO accession no. GSE7803) (14) . Differentially expressed genes among the genes in Table III were identified by comparison of SCCs to normal cervix samples (P<0.05) from a one-way ANOVA. This comparison yielded 15 probe sets with higher expression in SCCs and 19 genes with lower expression in SCCs. A heat map of expression for 15 genes (SERPINE1, WARS, RECQL4, MED28, EEF1D, HDAC9, LRRC14, PDAP1, ZNF236, PTK2, ATXN2, and YY1) that correlated with gain copy number in SCC is shown in Fig. 4c . This analysis also showed 19 probe sets (ATXN7, ANGPTL2, EDNRB, SLC9A2, SOX11, DSCAM, RAB23, TP53, ABHD5, SEZ6L, COL8A2, PFKL, SEZ6L, SLIT3, and RAD17) that were correlated with loss copy number in SCC (Fig. 4d) . Using 34 probesets as a signature, the SCCs showed a dominant feature of expression pattern of the gene sets compared to HSILs and normal cervix samples. The results suggest that the 34 probes might correlate with CIN progression to invasive cervical carcinoma.
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Discussion
Integration of high-risk HPV associated with host genomic alterations has been provided in a study that showed more numerical chromosomal aberrations were found to progress to invasive cancer for precursor lesions (15) . The present study surveyed the chromosomal aberrations for CIN1, CIN2, CIN3 and SCC with array-CGH to determine whether the progression of CIN is reflected in their genomic signature. The DCNAs of chromosomal locations including 1q43, 2p11.2, 6p11.2, 7p21.1, 7p14.3, 10q24.1, 13q22.3, 13q34 and 16p13.3 might play a crucial role in the progression of cervical lesion because they were conserved throughout the progression of CIN to SCC. The chromosomal region of 16p13.3 showed amplification at SCC (16) . HDAC9 located in 7p21.1 is involved in the alteration of chromosome structure and affects the transcription factor access to DNA. HDAC9 are significantly upregulated in high-risk medulloblastoma in comparison to low-risk medulloblastoma, and their expression is associated with poor survival (17) . The amplification of RAS oncogene family, RAB40C, might be a potential maker for SCC (18) . The DCNAs of these nine BAC clones might have important role in the progress of cervical lesions because they were maintained throughout CIN progression to SCC. The chromosomal regions of 5q35.3 and 2q14.3 showed significant differential in DCNA between CIN1 and CIN2, and between CIN2 and CIN3, respectively. The gain of 5q35.3 including FLT4 at CIN2 might induce the activation of lymphangiogenesis and maintenance of the lymphatic endothelium, while the loss of 2q14.3 including HS6ST1 at CIN3 might lead to failure in generating a myriad of distinct heparan sulfate fine structures that carry out multiple biological activities. The gain of FLT4 might play important role in the progression of CIN1 to CIN2 because the vascular endothelial growth factor (VEGF) C/FLT4 autocrine loop in tumor cells is known as a potential enhancer system to promote cancer progression (19) . The heparan sulfate biosynthetic enzyme family is key components in generating a myriad of distinct heparan sulfate fine structures that carry out multiple biological activities (20) . The chromosomal regions with significantly differential DCNA were markedly increased in the progression of CIN3 to SCC and 55% of newly appeared clones of DCNA at SCC included at least a cancer associated gene. Region on chromosome 7q22 was commonly gained, whereas chromosome 5q frequently showed losses in cervical malignant lesions (21, 22) . Among genes included in those seven BAC clones, PDAP1 located at 7q22.1 is known to enhance plateletderived growth factor A (PDGFA)-stimulated cell growth in fibroblasts, but inhibits the mitogenic effect of PDGFB while RAD17 located at 5q13.2 encodes a product that is highly similar to the gene product of S. pombe rad17, a cell cycle checkpoint gene required for cell cycle arrest and DNA damage repair in response to DNA damage (23) . In addition, both PDAP1 and RAD17 showed DCNA only at SCC. This implicates that the SCC could have different chromosome profile from CINs (24) . As it is difficult to distinguish between CIN3 lesion and early invasive SCC on clinical grounds alone, the gain of PDAP1 and loss of RAD17 might be potential markers distinguishing SCC from CINs (25) .
The multiple testing among CIN1, CIN2, CIN3 and SCC identified 57 BAC clones showing significant DCNA. The marked increase of DCNA at SCC only might be required for progression from CIN3 to SCC. The gains of 1p36.33 including SKI and 5q35.3 including FLT4 were maintained from CIN2 to SCC, which were not common chromosomal aberrations. There have been many reports on chromosomal aberrations, including duplication or triplication and deletions in 1p36.33 and 5q35.3, associated with various genetic diseases (26, 27) . It is however likely that deletion is more common in both aberrations than either duplication or triplication (28) . The 8q24 amplicon has been attributed to PTK2 (which encodes FAK) in squamous carcinoma cell lines (29) . PTK2/FAK encodes a cytoplasmic tyrosine kinase, and seems to be specific to the ability of integrins to crosstalk through Ras and PI3K for oncogenesis (30) . Integrin signaling seems to maintain the cancer stem cell population in tumors, as ablation of PTK2 decreased the pool of cancer stem cells in spontaneously forming mouse mammary tumors (31) . Thus the 8q24 amplicon has a plausible role in cancer biology. It is also consistent that the loss of 2q12.1 including SLC9A2 (sodium/hydrogen exchanger) was kept from CIN2 to SCC (21) . These conserved DCNAs from CIN2 to SCC might play an important role in the progression of cervical lesions.
Seventy-nine percent of these BAC clones presented DCNA only at SCC. This indicates that the progression to SCC accompanies a dramatic increase in DCNA. The gain of oncogenes such as RAB40C and SKI was retained from CIN1 and CIN2, respectively, to SCC. The loss of tight junction membrane proteins such as MARVELD2 and OCLN at SCC might induce destruction of the epithelial barriers (32, 33) . The severe DCNAs at SCC might be due to the genome instability by the integration of HPV DNA. The HPV initially exists in an episomal state after infection (34) . However, the viral DNA often integrates into the host genome as lesions progress (35) . The fact that most invasive cases contain integrated copies of the virus genome suggests that this event may be selected during clonal evolution and, thus, contributes to tumor development (36) . The viral DNA integration into host genome leads to an increase of E6 and E7 transcription at the interruption of the viral E2 regulatory component, escalating the ability of the virus to induce neoplastic transformation (37) . The viral integration may also be located within fragile sites or area of the genome that contain tumor suppressor genes or oncogenes (38, 39) . In addition, DCNAs and other complex rearrangements have been observed near sites of viral integration (39) . These reports implicate that HPV mediated tumorigenesis might act at the direct integrationrelated disruption of genomic segmental DNA copy number as well as at viral oncoproteins.
Gene expression is useful for identifying target genes within a region of genomic copy gain/loss. Gene expression data with DCNA could derive correlation of genes in determining the ranking of genes. Not all genes studied here, however, had a change in expression level. It was found that 62% of highly amplified genes in breast cancer exhibit ≥2-fold increased expression (40) . Another study showed that 44% of the highly amplified genes were overexpressed and 10.5% of the highly overexpressed genes were amplified in breast cancer cell lines (41) . Overall, ≥12% of all variation in gene expression was directly attributed to variation in gene copy number. Transcription regulation, such as upstream genes and feedback regulators, is related to this unparalleled changes in the expression level. Our study identified 34 probesets consistently overexpressed when amplified, suggesting an unbiased identification of candidate drivers in SCC beyond transcription factors or signaling proteins.
In conclusion, the presence of differential and common DCNAs among CIN1, CIN2, CIN3 and SCC supports that the CIN progression might include continual clonal selection and evolution. In addition, the functional study of genes showing those DCNAs might give clues to understanding the progression of cervical lesions.
